SUMMARY Recordings of multi-unit sympathetic activity were made from muscle branches of the peroneal nerve during i.v. bolus injection of 100 to 275 pg clonidine in seven hypertensive patients. Blood pressure was reduced in all patients, but sympathetic activity and heart rate could either increase or decrease. When plasma levels of clonidine were low, sympathetic activity tended to Increase, and when plasma levels were high, activity tended to decrease. A CUTE and chronic administration of clonidine lowers blood pressure (BP) in humans and is used in the treatment of hypertension. The effect is concentration-dependent, and after intravenous bolus injections, the BP reduction is linearly related to the logarithm of the plasma concentration of clonidine.
A CUTE and chronic administration of clonidine lowers blood pressure (BP) in humans and is used in the treatment of hypertension. The effect is concentration-dependent, and after intravenous bolus injections, the BP reduction is linearly related to the logarithm of the plasma concentration of clonidine. 1 The mechanism for the BP reduction is only incompletely understood. Clonidine is a partial pre-and postsynaptic a-adrenoreceptor agonist. 2 From animal experiments, it has been postulated that the hypotensive effect is elicited centrally, 3 since the drug is active after intracisternal administration 4 and induces a BP reduction in baroreceptor-denervated animals. ' The mechanism has been suggested to be a stimulation of central aadrenoreceptors, causing a reduction in peripheral sympathetic outflow. 3 ' *"" The arterial baroreflex may be potentiated by clonidine, 9 " 11 but since the BP reduction remains after baroreceptor denervation, this cannot be the main hypotensive mechanism of the drug. 6 ' 9 In patients, no direct information is available on the effect of clonidine on sympathetic activity, but renal excretion of catecholamines is reduced during "chronic" treatment with clonidine and this has been taken as an indication of reduced sympathetic activity. 11 However, cardiac output 13 and renal blood flow 3 are reported to be reduced after bolus injections of clonidine in doses of 0.2-1 Mg/kg. The reduction in catecholamine excretion could therefore partly be explained by these circumstances. Results from previous studies of muscle blood flow in man after clonidine administration are variable, 14 '" and it is difficult to draw conclusions about sympathetic outflow from such data.
With the introduction of the microneurographic recording technique it has become possible to obtain direct information about sympathetic outflow in humans.
1 " Such recordings have shown that sympathetic activity destined for the muscles (SA) consists of vasoconstrictor impulses grouped in the pulse rhythm and occurring preferentially during temporary reductions of diastolic BP. 17 The pulse synchrony and the inverse relationship to spontaneous BP fluctuations are taken as evidence of dynamic baroreflex modulation of the activity. It has also been shown that in a given individual the average amount of MSA is reproducible from day to day, 1 ' but there are wide interindividual differences in MSA that are unrelated to interindividual differences in arterial BP levels. 17 In the present investigation, MSA was recorded during intravenous injections of clonidine in man, the aim being to study the relationship between the plasma concentration of the drug and resulting changes of sympathetic activity and BP. Part of the results have been published in preliminary form.
Methods

Patients
Eight experiments were performed on seven previously untreated hypertensive patients (one woman and six men; age range, 34 to 60 years), who had given their informed consent to the study, which was approved by the Ethical Committee of the Medical Faculty of the University of Uppsala. One patient was investigated twice at an interval of 4 months. The diagnosis of hypertension was based on three separate BP determinations on the right upper arm after 5 minutes' rest in supine position. The hypertension was categorized after checking the medical history, physical examination, laboratory screening including blood cell counts, fasting blood sugar, serum electrolytes, blood urea, serum creatinine, creatinine clearance, plasma renin activity (PRA)/urinary sodium excretion index, chest x-ray, ECG, and intravenous pyelogram. A bilateral renal angiogram was performed on one patient (No 4). Individual data for the patients are given in table 1. On the basis of these tests one patient was considered to have renal (No 4) and the other six essential hypertension. Three patients corresponded to World Health Organization (WHO) hypertension Stage I; the others were regarded as WHO Stages II and III respectively. Of the patients with essential hypertension, one (No 6) had high PRA and two (No 1 and 3) low PRA. One patient (No 1) got an urge to void in connection with the injection of clonidine. The urge declined and disappeared after 30 minutes, which were excluded from the quantitative analysis. Apart from the hypertension, the patients were healthy and took no medications. They reported no untoward effects of the experiment.
Recording Equipment
Muscle nerve sympathetic activity was recorded with tungsten microelectrodes from muscle branches of the peroneal nerve at the fibular head. The technique has been described in detail and evidence for the recorded activity being composed of sympathetic vasoconstrictor impulses has been summarized. 17 ' " Both the filtered original neurogram and a mean voltage neurogram (obtained by passing the filtered neurogram through an RC-integrating unit with a time constant of 0.1 s) were stored together with other variables on an 8-channel FM tape recorder.
Blood pressure was measured noninvasively in five experiments, with a mercury sphygmomanometer on the right upper arm. In three experiments, BP was monitored intraarterially through a catheter in the radial brachial artery connected to an EMT 35 pressure transducer and an EMT 31 electromanometer (Siemens-Elema). Electrocardiogram (ECG) was recorded by surface chest electrodes. Respiratory movements were monitored by a strain gauge attached to a rubber band strapped around the chest. Clonidine hydrochloride (Catapresan) was given as a bolus injection in doses from 100 to 275 fig in 4 ml saline over 3 minutes. Plasma concentrations of clonidine were analyzed by a gas liquid chromatographic method.
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Venous samples for clonidine determinations were drawn at fixed intervals. Plasma renin activity was determined in venous samples drawn after 45 minutes of supine rest prior to the experiment. A standard radioimmunoassay kit (NEN) was used.
Experimental Procedure
After the hypertension had been diagnosed, the patients were invited to participate in the study. For the investigation, they came to the laboratory after a light breakfast. Smoking was prohibited for 24 hours before the study, which was performed with the patients in the supine position. Nerve electrodes were inserted and when a recording site was found with good signal-to-noise ratio for sympathetic impulses, the activity at rest was recorded during a control period of 15 to 20 minutes. Clonidine was then injected and the BP and MSA recorded for a further 30 to 45 minutes.
Data Analysis
After the experiment, experimental records were displayed on an inkwriter with a paper speed of 3 to 5 mm/sec (Minograph 800, Siemens-Elema). For analysis, records were divided into 3-minute periods, sympathetic bursts were marked on the mean voltage neurogram, and for each 3-minute period, burst incidence (in bursts/100 heart beats or bursts/min) and heart rate were determined. In experiments with intraarterial BP recordings, the mean voltage neurogram and the BP signal were AD-converted and fed into a computer (PDP 11/40), and for each 3-minute period, quantitative determination of various BP parameters were made. In figures 1 and 2, diastolic BP was used since the probability of occurrence of a burst primarily is related to diastolic BP variations. 17 When calculating mean BP values, heart rate, and MSA after clonidine, we excluded the injection period and the first 10 minutes after the end of injection.
Results
Effects of Clonidine on Arterial Blood Pressure
Usually arterial BP started to decrease during the injection of clonidine, and in most cases the maximal decrease had occurred about 10 minutes after the end of the injection ( fig. 1 ). Both systolic and diastolic BP decreased in all experiments, the decrease of mean BP ranging between 5% and 27%. This BP decrease lasted throughout the whole observation period ( fig. 1) . At 30 minutes after the injection, plasma concentrations of clonidine ranged between 0.45 and 1.18 ng/ml. In agreement with earlier observations, 1 the BP decrease was linearly related to the logarithm of the plasma concentration (r = 0.70, p < 0.05). There was no systematic relationship between the BP reduction and the patient's "renin status." 
Effect on Heart Rate
The effect on heart rate was variable. In six experiments, mean heart rate decreased (range 1.4-8.3 beats/min), and in two experiments, it increased (5.7 and 9.4 beats/min). There was no relationship between plasma concentrations of clonidine and the change of heart rate, nor between changes of heart rate and sympathetic activity. In table 1, the interindividual values for preinjection heart rate, BP, and amount of MSA are given. Figure 2 summarizes individual changes and gives the means of the respective values before and after injection of clonidine.
Effect on Muscle Sympathetic Activity (MSA)
During the control period, MSA showed its usual pulse synchrony, with bursts of impulses occurring intermittently, mainly during spontaneous BP reductions. 17 In a given individual, the incidence of bursts was fairly constant during the entire control period, but there were wide differences among individuals, the range being 19-68 bursts/min (table 1, fig. 2 ). In the patient (No 2) who underwent two experiments, mean burst incidence during the control periods was reproducible (45 and 39 bursts/min respectively). During and after the clonidine injection, the pulse synchronous character of the MSA remained unchanged ( fig. 3 ). In four experiments mean burst incidence increased, and in four it decreased ( fig. 2 ). The changes in burst incidence occurred shortly after the clonidine administration, coinciding with the reduction of BP; the new level of nerve activity then remained approximately constant ( fig. 1) . Figure 3 shows examples of original records from experiments in which the number of bursts decreased (A) or increased (B). Regardless of whether bursts increased or decreased, there was still an inverse relationship between spontaneous dynamic BP fluctuations and transient variations of sympathetic activity. After the clonidine injection, however, this dynamic interplay occurred at lower BP values than before. Minor unintentional electrode adjustments sometimes occurred during the-long experiments, thereby changing signal-to-noise ratio for sympathetic impulses. Although the detection of bursts was not affected (burst incidences did not change 18 ), these adjustments made it difficult to compare mean voltage amplitudes of the bursts between different segments of a recording. Mean values of burst incidence before and after clonidine are summarized for each individual in figure 2 .
The change in MSA was related to the initial level of sympathetic activity. As shown in figure 4 left, the tendency was that in subjects with low initial burst in- cidence, the level of MSA increased after clonidine, and in subjects with high initial incidence, it decreased. Figure 4 right illustrates that there was also a relationship between the individual plasma concentration of clonidine and the change in MSA (r = -0.68, p < 0.1). The level of sympathetic activity is expressed as bursts/min in figure 4 , but results were similar if expressed as bursts/100 heart beats.
Discussion
The present study provides the interesting finding that clonidine sometimes increased and sometimes decreased sympathetic outflow to the muscles. To our knowledge, the effect of clonidine on MSA has not been studied previously but in recordings from cervical sympathetic trunk, cardiac, splanchnic, and renal nerves, clonidine always caused a reduction of sympathetic activity. 6 '•• 20 ' 21 The reason for the difference is not clear, but several factors may contribute. Our experiments were conducted on conscious patients who received doses of 1.4 to 3.3 Mg/kg body weight, whereas previous studies were carried out on animals subjected to general anesthesia and surgery, and given higher doses (10 to 30 Mg/kg body weight). Although this obviously may be one explanation, the fact that different nerves were studied could also be important. In humans, sympathetic outflow to skin is entirely different from that to muscles, 21 and in animals, the degree of baroreflex control is known to differ between different vascular beds. 23 Quantitative differences in the effect ofclonidine on different sympathetic nerves have also been reported 3 ' " and therefore, the effect ofclonidine on sympathetic outflow to CLONIDINE CONC. the muscles may well differ from that to, for instance, visceral regions.
As emphasized in previous studies, the pulse synchrony of MSA and the inverse relationship between the occurrence of sympathetic bursts and transient variations of diastolic BP provide evidence of dynamic baroreflex modulation of sympathetic outflow to muscles. 17 -M When a static BP reduction is induced by the vasodilator, sodium nitroprusside (which has no direct effects on CNS 25 ), evidence of dynamic baroreflex modulation of MSA is still present and at the same time the level of sympathetic activity always increases (Wallin et al., unpublished) . Presumably this increase is a static baroreflex effect counteracting the fall in BP. In the present study, dynamic baroreflex modulation of MSA was present after clonidine ( fig.  3 ), but the static BP decrease was sometimes associated with an increased and sometimes a decreased level of sympathetic activity. The findings suggest that, at least in some patients, static baroreflex mechanisms were altered in conjunction with the injection of clonidine. This would agree with data from both animal and human experiments, suggesting that baroreflex mechanisms are affected by clonidine. '• '• 10 ' " The results of Mancia et al., 26 namely, that the effect of carotid sinus stimulation (neck chamber technique) on BP in humans remained unchanged after clonidine, need not contradict our results. Both their method of baroreceptor stimulation and their index of effector organ responsiveness are complex, and therefore their results are difficult to compare with both our present findings and the results of Sleight and West 11 on the baroreceptor-heart-rate reflex.
A factor of importance when trying to explain our results is that clonidine has several modes of action that could affect BP differently. On one hand, central sympathetic inhibition and baroreflex resetting will tend to lower BP whereas, on the other hand, peripheral pre-and/or postsynaptic a-adrenoceptor stimulating effects on vascular smooth muscle may exaggerate or diminish the net change of BP. Zaimis 17 has summarized data supporting this model, and Wake 28 used it to explain why successive i.v. administrations of clonidine in cats did not cause a progressive fall of BP despite a continuing decrease of sympathetic activity. It has also been shown that the BP reduction seen after low doses and at low plasma concentrations of clonidine is reverted and that the BP increases again after higher doses.™ If the relative contribution of these mechanisms differed between subjects it could explain why sympathetic activity sometimes increased and sometimes decreased. For example, in our experiments, MSA decreased at higher plasma concentrations of clonidine ( fig. 4  right) . This could be explained by assuming that the peripheral postsynaptic a-agonist action of clonidine on the blood vessels (causing vasoconstriction) diminished the BP reduction relative to the degree of baroreflex resetting. We also found that MSA increased at lower plasma concentrations ( fig. 4 right) . This could be explained by assuming that the peripheral presynaptic a-stimulating action of clonidine (reducing transmitter release) 30 dominated at lower plasma concentrations, thereby exaggerating the BP reduction relative to the baroreflex resetting.
In conclusion, the present results show that the hypotensive effect of clonidine is not always accompanied by a decrease of sympathetic nerve activity and suggest that a central presynaptic a-adrenoceptor effect'-* may not be the unifying mechanism for the hypotension.
